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The Single-Blow Transient Testing 
Technique for Compact Heat 
xclanger Surfaces 
The single-blow, transient testing technique for determining the heat transfer charac-
teristics of heat exchanger surfaces, with a summary of the underlying theory, a de-
scription of an experimental facility, and comments on the applicability of the tech-
nique, are presented. Heat transfer and flow friction data are presented for plate-fin 
type surfaces fabricated of perforated nickel- plate. The data indicate that perforations 
increase heal transfer performance without a large fractional power penalty. 
THE heat transfer characteristics of new surfaces for 
compact heat exchangers are determined by several methods. 
The purpose of this paper is to present the transient technique 
with a summary of the underlying theory, a description of an 
experimental facility, comments on the applicability of the tech-
nique, and to present some data on a few new surfaces obtained 
by this technique. 
Summary of Theory 
The "starting stage of operation," "single blow," or "transient 
test technique," as it has been called by various authors, began 
with the analysis by Anzelius in 1926. Nusselt in 1927, Hausen 
in 1927 and 1929, and Schumann in 1929 treated the problem of 
analytically determining the fluid and solid temperature as a 
function of position and time for a porous solid, initially at a uni-
form temperature, when subjected to a change in the entering 
fluid temperature. The analysis is based upon an energy balance 
on an element of the porous solid (see Fig. 1). 
Assumptions made in the analysis are: 
( ) Properties of the fluid are temperature independent 
( ) Fluid flow is steady 
(c) Porous solid is homogeneous 
(d) Thermal conductivity of both fluid and solid is infinite 
perpendicular to the fluid flow direction 
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(e) Thermal conductivity of fluid is zero in the flow direc-
tion. 
Initial and boundary conditions are: 
(a) The matrix is initially at a uniform temperature 
(b) At time equal zero, the temperature of the entering fluid 
changes instantaneously to a different, constant value, 
i.e., a step change in fluid temperature 
(c) The matrix boundaries are adinbatic. 
Temperature of the solid = ts 
Temperature of the fluid = tf 
Energy adsorbed by solid = p,A,cs ~ dx 
do 
Heat transferred to the solid by convection = hb{tf — t,)dx 
Heat transferred from the fluid bv convection = mc„ — - dx 
" bx 
Heat transferred in solid by conduction = — k,A. ——^ dx 
dx1 
Thus, energy balances for the fluid and solid yield: 
rncpt, e=/> hb ( t f - ts)dx m cp (t f t ^ dx) 
h — dx—~H 
Fig. 1 Element of matrix 
-Nomenc la ture -
A = matrix total heat transfer area, 
sq ft 
A, = total surface area (i.e., without 
perforations), sq ft 
Ac = matrix minimum free flow area, 
sq ft 
A/r = matrix total frontal area, sq ft 
A, = solid matrix cross-sectional 
area available for thermal 
conduction, sq ft 
A}. = conduction area corrected for 
effect of perforations, sq ft 
b = flow passage perimeter, flA)r, 
ft 
cp = specific heat at constant pres-






matrix material specific heat, 
Btu/(lbm deg F) 
hydraulic diameter = 4rh 
flow friction power per unit 
area, hp/sq ft 
exchanger flowT stream mass 
velocity, {m/Ac), lbm/(hr 
sq ft) 
proportionality factor in New-
ton's Second Law, gc = 32.2 
(lbm ft)/(lbf sec2) 
unit conductance for thermal 
convection heat transfer, 
Btu/(hr sq ft deg F), or heat 
transfer power unit area per 
deg temperature difference, 
Btu/(hr sq ft deg F) 
Kc, Kc = contraction loss coefficient for 
flow at heat exchanger en-
trance or exit respectively, 
dimensionless 
k = fluid thermal conductivity, 
Btu/(lir sq ft deg F/ft) 
ks = matrix thermal conductivity, 
Btu/(hr sq ft deg F/ft) 
L = total matrix flow length, ft 
Lk = average conduction length, ft 
m = mass flow rate, lbm/hr 
P = pressure, lbf/sq ft 
p = porosity for matrix surfaces, 
dimensionless 
q = heat transfer rate, Btu/hr 
R = gas constant, (ft lbf)/(lbm deg 
R), (53.35 for air) 
(.Continued on next page) 
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Table 1 Number of transfer units as a function of m a x i m u m s lope and longitudinal conduction parameter 
— — Maximum atope 
N t V 0 .005 .010- .015 .020 .025 .030 .035 .040 .060 .050 .100 : 'ioo 1 .0 10 00 I .0 
I . I 
.368 
.403 - - • -






.425 - - : .400 .445 
I .2 .434 - - - .440 - - - .445 .447 .452 .459 _ - .488 
1.3 .461 - - - .467 - - - .472 • 475 .480 .487 .437 - .525 I .4 .483 - - - .489 - - - .494 .498 • 503 •-5 M .522 - - .568 
1.5 .502 - - .507 - - - .512 • 517 .521 .530 .542 - - .603 
1.6 .517 - - - • 522 - - - .527 • 530 .536 .544 .560 - - .637 
i .e • 536 - - •539 - - - .542 • 547 .553 .561 .589 - - .697 2.0 .541 - • 545 - - - .548 • 556 .563 .571 .615 .646 .723 .748 
2.2 .•544 - - .549 - - - '.557 .566 .574 .582 .640 .677 .764 .751 2.4 .54? - - • 557 _ - - .567 • 577 • 585 .592 .662 .703 .758 .827 
2 . 6 .557 - .566 - - - • 577 • 557 • 595 .603 .682 .726 • 8?6 .857 2.8 • 567 - - . 577 . - - - .587 • 5y8 .606 .615 .699 .745 .850 .882 3-0 .577 - - - .587 - - .598 .for- .617 .626 .714 .761 .865 .503 
3-2 .587 - - _ .598 - _ _ .60? .615 .628 .637 .727 .775 .886 .520 3.4 .^98 - - . e ic - _ .620 .630 .640 .647 .738 .767 .899 .934 3.6 .60S - - - .621 - - - 7.631 .641 • 65C .658 .74- .798 .91 1 .946 3.8 .621 - • - .632 - - - .642 .652 .660 .668 .758 .807 .520 .956 
4.0 .632 - .643 - - .653 .662 . 670 .678 .767 .815 .5 :8 .964 4.5 .660 _ - .670 _ - - .678 .68 ' .694 .701 .,'84 .831 .y4l .978 
5.0 .688 I .697 - - - .704 .71 1 .717 .722 .800 .843 - s>51 .987 
5 . 5 .715 - - _ . 722 - .727 • 733 • 737 .742 .812 .852 .956 .992 6.0 .741 - - .746 - - • 75C .753 .757 .760 . w22 .855 .960 .995 
6.5 .767 _ _ .769 - - - .771 .773 .774 .776 .830 .665 .962 -7.0 .792 - - - .792 - - - .791 .7*1 .791 .792 .837 .870 .564 1 .000 
7.5 .816 - - .812 - - .810 .806 .806 .305 .844 . 874 .565 -8.0 .840 - - - .832 - - - .827 .824 .821 .817 .849 .677 .566 -
9.0 .885 _ _ . 872 _ _ _ .861 .853 .847 .840 .858 .882 .967 -I0.0 .929 .522 .516 .91 1 .906 .901 .857 .893 .890 .880 .869 .860 .864 .886 .968 1 .000 
I I .0 .970 .559 • 953 .946 .939 .933 .927 .521 .917 .901 .888 .878 .870 .889 .968 -
I 2.0 1 ."010 .996 .988 .979 .970 .962 .955 .948 .942 .922 .906 .893 .873 - - -
13-0 1 ,04'9 1.034 1 .022 1.009 .999 .990 .980 .973 .965 .941 .922 .907 .875 - - -
I4.0 1.085 1 '.068 1 .053 1.039 1.027 1 .016 1 .005 .996 .987 .558 .937 .921 .877 - - -I5.0 1.121 J. 102 1.085 1.068 1 . 0 5 3 1 .040 i .028 1 .017 1.007 .975 .950 .932 . 879 .893 - -
I6.0 1.156 1. 133 1 .1 12 1.094 1.077 1 .063 1 .049 1.037 1.026 .990 .963 .942 .881 - - -IS.O 1 .223 1 .193 1:167 1 . 144 1 .123 1.105 1 .063 1.073 1.060 1.016 .984 .960 .885 - - -20.0 1 .286 1.249 1 .217 1.189 1. 164 1.143 1.123 1 .105 1.0S9 1.039 1 .003 .975 .887 .394 - 1 .000 
22.0 1 .347 1.302 1.264 1 .231 1.202 1 .177 1.154 1. 134 1.116 1.059 1 .0.18 . 987 .889 - - -24.0 1.404 1.352 1.308 1 .269 1.237 1.208 1 . 182 1 .160 1. 140 1.077 1.032 .997 .891 - - -
26.0 1.460 1.399 1.348 1 .305 I . 2 6 S 1.236 1 .205 1 .183 1 .161 1.092 1.043 1.005 .893 - -
28.0 1.515 1 .444 1.387 1.339 1.298 1.262 1.231 1.204 1. 180 1 .106 1.053 1.013 .894 - - -30.0 1.565 1 .457 1.423 1 .370 1 .325 1.286 1.253 1 .224 1.198 1 .1 18 1.061' 1.019 .895 .895 - 1 .000 32.0 1.617 1.528 1 .'458 1 .399 1 .351 1.309 1 .273 1 .241 1 :2 I 4 - - - - 7 - -34.0 1.665 1 .568 1.490 1 .427 1.374 1 .330 1 .291 1.258 1 .226 - - - - - - -
36.0 1 .712 1.605 1.521 1.453 1 .397 1.349 1 .308 1.273 1.242 - - - - — 
38.C 1.757 1 .641 1 .551 1 .478 1.418 1.367 1 .324 1 .287 1.254 - - - - - -40.0 1 .801 1.676 1.579 1 .501 1.437 1 .384 1.339 1.300 1.266 - - - - - - 1 .000 
45.0 1.908 1 .757 1 .643 1.554 1.481 1 .422 1 .372 1.328 1 .292 - - - - -
50.0 2.010 1 .833 1.702 1.601 1.520 1.455 1.400 1.353 1.313 - - - - - - 1 .000 55.0 2.107 1.902 1 .756 1 .644 1.555 1.483 1 .425 1 .375 1.332 ' - - - - - -
60.0 2.199 1 .'967 1.803 1.680 1.585 1 .508 1.445 1 .392 1.347 - - - - 1 .000 
dt d2l 
p,Aac, dx = ksAs dx + hb(tf - l,)dx 
mc„ — dx + hb(l, — Qdx 
• dx 
Let r = generalized t ime variable 





h = unit conductance for convective heat transfer, Btu/hr 
sq ft deg F 
A = matrix heat transfer area, sq ft 
matrix capacity, Btu/deg F 
time, hr 
mass of fluid contained within the matrix, lbm 
mass flow rate of fluid, lbm/hr 
distance from entrance of matrix along flow passage in 
the direction of flow, ft 
matrix flow length, ft 
If the fluid is a gas, the thermal capacity of the fluid contained at 
any time within the matrix ( W t c p ) is much less than the thermal 
capacity of the matrix (W,c,), and the second term can be neg-
lected, accordingly: 
hA 
r ~ —— y 
W,cs 
L = 
' N o m e n c l a t u r e - " -
rh = hydraulic radius, (ACL/A , ) , ft, 
(4 rh = hydraulic dia) 
I = temperature, deg F 
V „ = matrix volume, cu ft 
17, = mass of matrix, lbm 
x = distance along the flow passage 
in direction of flow, ft 
= compactness; sq f t / cu ft 
= compactness for perforated ma-
terial including effect of area 
reduction, sq f t / cu ft 
p = density, lbm/cu ft 
6 = time 
fj, = fluid viscosity lbm/hr ft 
Dimens ionless Group ings 
Arn = Reynolds number, (4rhG/n), a 
flow modulus 
Arsi = Stanton number, (h/Gcp), a heat 
transfer modulus 
iVpr = Prandtl number, (ncp/k), a fluid 
properties modulus 
Nm = number of heat transfer units, 
(hA/mcp) 
j = generalized heat transfer group-
ing—Colburn j-factor (A'st-
.VP r V l) . This factor versus Nn 
defines heat transfer charac-
istics of the surface. 
f = mean friction factor. This is the 
"small" or "Fanning" friction 
factor (ratio of wall shear 
stress to the fluid dynamic 
head). This factor versus Nn 
defines the friction character-
istics of the surface. 
X = longitudinal conduction parame-
ter, k,A,/mLcp for solid ma-
terial 
Aj. = longitudinal conduction parame-
ter for perforated material, 
k,A,.JmcpLk 
hA . 
t = time parameter, —— a 
)V ,c. 
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Let 
2 = generalized position variable = " = • — 
mcvL L 
X = longitudinal conduction parameter = 
ihc„L 
where 
ka = matrix thermal conductivity, Btu/hr ft deg F 
A, = solid matrix cross-sectional area available for thermal 
conduction, sq ft 
Making the foregoing substitutions, equations (1) and (2) become 
Q (3) 
U, , d\ 
dr dz2 
d J y 
dz 
(4) 
d / . 
v f = - i . dr 
dt, 
dz = t. 
Schumann's solution for this particular case is 
t, - ti 
tn ~ U 
t. ~ <t 
< / i -





Uo ( 2 i V « ) ) 
(2i V r z ) ) 
iV.u2 
[ - / / , ( 2 ; \ A v , u r ) ] 
t u T 
where the downstream fluid temperature is evaluated at x = L 
so that z — Nta and tf = t/1. 
Observing that the maximum slope of the generalized heating 
curve is a unique function of iVtu, Locke presented this in graphi-
cal form as iVtu versus maximum slope. 
Howard [2] extended this analysis by finite difference tech-
nique to include the effect of longitudinal conduction. Table 1 
and Figs. 2 and 3 present the relationship of the maximum slope 
and Artu with the longitudinal conduction parameter, X. 
For a particular experimental run, having determined the 
longitudinal conduction parameter, the Arhi can be established 
from the maximum slope of the experimental cooling curve. 
From this, the convective heat transfer coefficient, h, or the dimen-
sionless Colburn j'-factor, j = iVstArpr2^ ! can be determined. 
For the case of thermal conduction in the solid parallel to the 
direction of flow equal to zero, equations (3) and (4) simplify to: 
100 
80 D U M B E R O F T R A N S F E R U N I T S V S . M A X . S L O P E 
(3a) 
(4a) 
This solution was first used as the basis for a transient tech-
nique by Furnas in 1932. The fluid temperature was measured 
at the exit of the matrix where x = L, therefore z = Artu- The 
experimental data were compared with Schumann's theoretical 
constant z-curves. The theoretical z-curve which best fit the ex-
perimental data was considered as the Artu of the matrix and from 
this value, h, the convection conductance was determined. 
Locke [l]1 differentiated the theoretical solutions for the exit 
fluid temperature for constant Aftu and obtained the following ex-
pression for the slope of the generalized heating curve: 
1 Numbers in brackets designate References at end of paper. 
.3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 !.5 1.6 1.7 
Fig. 2 Number of transfer units as a function of maximum slope and 
longitudinal conduction parameter 
Fig. 3 Number of transfer units as a function 
of maximum slope and longitudinal conduction 
parameter 
J NUMBER OF TRANSFER TOUTS VERSUS M A X I M U M SLOPE ^ 
N U M B E R OF T R A H S F E R U N I T S , H i , = 
' M A X I M U M S 1 0 P ! , M A X . SL0Pt= 
d j H u - ' h n i a i j 
' l - ' l.i l iol 
d ( — E — > 
H i . 
( D I M E H S I O N L E S S M A X I M U M D E R I V A T I V E OF E X I T F L U I D 
T E M P E R A T U R E W I T H R E S P E C T I T O T I M E F O L L O W I N G A S T E P C H A N G E 
O f T H E I H I E T F L U I D T E M P E R A T U R E , . ) 
C O N D U C T I O N P A R A M E T E R , X : 
I I 
0 1.2 1.4 1.6 1.8 2.0 
M A X . S L O P E 
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Experimental Facility 
An experimental facility must be designed to meet the restric-
tions imposed by the idealizations of the theoretical analysis. 
The most important idealization to be met is the simulation of a 
step input to the fluid temperature entering the matrix. Several 
experimental arrangements have been emploj'ed to obtain this 
step change in fluid temperature. Using two fluid sources, one 
warmer than the other, a valve can be employed to switch from 
one fluid flowing through the matrix to the other fluid; or the 
matrix can be mechanically moved from one fluid stream to the 
other. An alternate to these arrangements is to employ a single 
fluid stream with an electrical heater installed upstream of the 
matrix. Using a low thermal capacity heater results in a fast 
response in fluid temperature to the turning 011 or off of the electric 
current to the heater. 
The present transient facility at the U. S. Naval Postgraduate 
School has been developed in two stages. The initial facility 
utilized the "sliding drawer" technique, that is, the matrix was 
moved mechanically from a heated airstream into an ambient 
airstream. Pig. 4 shows the test section with the matrix holder 
sliding drawer in the heat ing position. 
The present facility utilizes a single airstream with a series of 
flue nichrome wire heaters just upstream of the test matrix (see 
Figs. 5 through 8). The induced flow directly from the inlet bell 
through a wire screen and the nichrome wire heaters provides a 
uniform flow to the test matrix. The matrix is surrounded by 
styrofoam plastic to prevent transverse conduction to the test 
section walls (see Fig. 7). The flow-measuring device is an 
ASME standard D and D/2 orifice meter with changeable orifice 
plates [3], and is located downstream of the test section. Pressure 
drop data for evaluating the friction factor are obtained from 
static pressure taps located in the test section immediately up-
stream and downstream of the test matrix holder. Various 
manometers are used consistent with the pressure range en-
countered. All pressure drop data for evaluating the friction 
factor are taken under ambient air conditions; i.e., isothermal 
flow. 
Experimental Method 
The test matrix is heated to a uniform stead}' temperature (ap-
proximately 20 deg F above ambient). Quickly turning off the 
heaters provides the step change in air temperature. By referenc-
ing the thermocouples downstream of the matrix to the thermo-
couples upstream of the heaters, the initial temperature dif-
ference can be closely controlled by limiting the electrical input 
to the heaters. 
One of the advantages of employing this method is that the 
hydrodynamic flow is not disturbed. Steady flow7 is established 
before the change in temperature is made. 
After the heaters are turned off, this temperature difference is 
continuously recorded by a strip chart recorder. This recorded 
trace has the distinct advantage that no transposition of data is 
Fig. 4 Sliding drawer matrix holder in heating position 
3 2 / J A N U A R Y 1 9 6 7 
Heater Section 
Compressor Section 
Fig. 5 Schematic of present single-blow, transient testing facility 
Fig. 6 Photograph of present single-blow, transient testing facility 
required which would produce increased uncertainties because the 
maximum slope of the cooling curve is obtained directly from 
this recorded trace. 
By limiting the initial temperature difference to about 20 deg 
F, the thermophysical properties of the air are essentially con-
stant during its temperature and pressure changes through the 
test core. The heat transfer coefficient, therefore, will also be 
essentially constant, and the bulk mean temperature can then be 
used to evaluate the thermophysical properties. 
The applicability of the "single-blow" transient technique de-
pends 011 several considerations. At high values of Artu the 
numerical analytic results were difficult to obtain. The upper 
limits shown in Figs. 2 and 3 represent the extent of confidence 
in these calculations. An alternate numerical solution utilizing a 
numerical inversion of Laplace transforms technique by Moreland 
[4] has confirmed the results of Howard [2] for Artu-values less 
than 20. The uncertainty in values of iY(u < 3 arises from two 
sources. The first is due to the inflection points from the ana-
lytic solution of ATtu versus maximum slope, Fig. 3. This inter-
relationship of the uncertainty in Artu with the uncertainty in the 
maximum slope can be obtained by forming the derivative of the 
Artu versus maximum slope curves. The results of this operation 
are shown in Fig. 9. The second is due to the response of the 
physical system. The maximum slope of the temperature-time 
curve approaches or will occur at time zero, which requires a sharp 
step input in fluid temperature along with sensitive, quick-
response instrumentation. 
The uncertainty intervals [5] for the Colburn ./-factor using the 
single-blow maximum slope technique are of the order of ±7.5 
percent in the high Reynolds number range (i.e., low Artu) to 
Transact ions of the A S M E 
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Fig. 7 Mat r ix holder w i t h d r a w n from test section showing matr ix and 
insulation removed from holder 
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Fig. 8 Nichrome heater element (one of seven) 
±15 percent in the low Reynolds number range (i.e., high Ntu)-
The uncertainty interval for the Fanning friction factor is ap-
proximately ± 5 percent and for the Reynolds number about 
± 3 percent. 
The uncertainty intervals for repeatability of tests in the pres-
ent facility are less than ± 5 percent for the Colburn j'-factor, ± 2 
percent for the Fanning friction factor, and ± 1 percent for the 
Reynolds number. 
Experimental Results 
Experimental results obtained by the single-blow transient 
technique for seven compact matrices are presented [6]. The 
1 2 3 4 5 6 8 10 20 30 40 60 80 100 
Fig. 9 Error in Ntu relative to an error in m a x i m u m slope as a function 
of Ntu and longitudinal conduction parameter 
seven matrices tested were all of the same geometry, made by 
stacking a formed plate and a plane splitter plate, as shown in 
Fig. 10. The flowr channels formed by this geometry may be 
compared to rectangular channels with an aspect ratio of about 
seven. For identification purposes, this geometry will be called 
the "modified rectangular passage." Five matrices were 
fabricated of perforated nickel plate, one matrix with a per-
forated formed plate and a solid nickel splitter plate, and one 
matrix of solid nickel plate. Of the five perforated plate matrices, 
two had elongated slot perforations, the other three had round 
hole perforations. 
The perforated nickel plate employed is an electro-deposited 
metallic sheet of integral structure manufactured by Perforated 
Products, Inc., and the geometric properties are given in Table 2. 
The geometrical and physical properties of the matrices are given 
in Table 3. 
In the evaluation of the longitudinal conduction parameter for 
the matrices fabricated of perforated nickel plate, two parameters 
require special attention. The conduction path length is greater 
than the fluid flow length through the matrix, and the cross-sec-
tional area for conduction varies with this conduction path. In 
an attempt to account for these differences, the longitudinal con-
duction parameter was evaluated by noting the orientation of the 
perforations in the matrix and using an average conduction path 
length around the perforations, and by using the minimum cross-
sectional area between the perforations. The longitudinal con-
duction parameter thus evaluated is subscripted as Xt. 
All matrices formed had a frontal cross section of approxi-
mately 3.2 in. sq and a length of 2.0 in. in the flow direction, and 
flow passages with a hydraulic diameter of approximately 0.002 
ft, thus, the L/DH ratio in all cases was of the order of 83. Heat 
Fig. 10 Sketch of modified rectangular passage matr ix geometry 
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Manufacturer's Data 
Type designation 
Plate thickness (inches) 
Opening 
Opening dimensions (inches) 
Opening center to center dis-
tances (inches) 
Percent open area 
Idealized Geometry Dimensions 
Opening dimensions (inches) 
Opening center to center dis-
tances (inches) 
Percent open area 
Solidity, s 
Ratio of flow length to conduc-
tion path length, L/LK 
Table 2 Summary of geometric properties of the perforated nickel plate 
160/40 TV 
0 . 0 0 2 2 
slotted 
0.0008 X 0.017 
0.0063 X 0.025 
12 .0 
0.0008 X 0.0155 





0 . 0 0 1 6 
slotted 
0.0019 X 0.018 
0.0063 X 0.025 
24.5 
0.0010 X 0.0161 



























0 . 0 0 1 6 
round 
0.0145 









Specific heat (cs) Btu/lbm deg 
P 
Thermal conductivity (A-s) 
Btu/hr ft deg F 
Fin thickness, inches 
Splitter thickness, inches 
Total heat transfer area (A), 
sci ft 
Frontal area {AFR), sq ft 
Total conduction area (Ai), sq 
ft 
Free flow area (Ac), sq ft 
Matrix volume (Vm), cu ft 
Matrix density (p,„), lb/cu ft 
Hydraulic dia (DH), ft 
Flow length/hydraulic dia ra-
tio, (L/DH) _ 
Compactness (/3), sq ft/cu ft 
Porosity (p) 




Splitters 160/40 TV 160/40 Q 125 M 125 P 50 G Solid Ni 
0.1065 0 .1065 0 .1065 0.1065 0 .1065 0.1065 0 .1065 
38.7 38 .7 38 .7 38.7 38 .7 38.7 38 .7 
0.0022 0 .0022 0 .0016 0.0016 0 .0020 0.0016 0 .0020 
0.0020 0 .0022 0 .0016 0.0016 0 .0020 0.0016 0 .0020 
19.3084 18. 593 16. .2667 16.2578 17 .7024 11.2033 20 .1875 
0.06953 0. 06953 0. 06953 0.06953 0. . 06953 0.06953 0 .06953 
0.00689 0 .00424 0, .002S87 0.00435 0. .00640 0.00243 0. .01014 
0.05883 0. 0584 0. .06142 0.06142 0. .05939 0.06142 0. 05939 
0.011588 0. 011588 0. 11588 0.011588 0. 0115S8 0.011588 0. 011588 
69.1 63. 6 59. 2 44.1 41. 8 31.6 77. 7 
0.00194 0. 001929 0. 002028 0.002028 0. 001961 0.002028 0. 001961 
85.91 86. 40 82. 18 82.18 84. 99 82.18 84. 99 
566.2 1604.5 1403. 8 1403.0 1527. 7 966.8 1742. 1 
0.846 0. 840 0. 883 0.883 0.854 0.883 0. 854 
isothermal Friction Results 
160/40 TV Perforated Nickel 
Table 4 Summary of heat transfer and friction results 
• — Heat Transfer Results-
Reynolds Friction Reynolds 
Run Number Factor Number 
No. NR / N „ 
1 837.8 0.0238 825.8 
2 665.7 0.0297 656.0 
3 534.6 0.0363 526.8 
4 410.2 0.0434 404.3 
5 312.7 0.0590 308.2 
6 207.3 0.0866 204.3 
7 124.4 0.1326 122.6 
S 70.0 0.2369 
9 39.4 0.4226 

















































































































(Table ^ continued on opposite page) 
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Table 4 (continued) 
Isothermal Friction Results Heat Transfer Results 
125 M Perforated Nickel 
Reynolds Friction Reynolds Conduction 
Run Number Factor Number - V s t - W A Parameter' Maximum 
No. Nr / VR j Xt Slope A'tu 
1 927 .8 0 .03720 914 .4 0 .00987 0.00351 0 .5924 3 .28 
2 758 .2 0.04033 747 .3 0 .01044 0.00429 0.603S 3 .47 
0 604 .0 0.04549 595 .2 0 .01264 0.00539 0.6451 4 . 2 0 
4 467 .2 0.05310 460 .5 0 .01496 0.00697 0.68S5 4 .97 
5 357 .9 0.06680 352 .7 0.0187S 0.00910 0.7547 6 . 2 4 
6 233 .2 0.10051 229. S 0 .02661 0.01395 0.8720 8 . 8 4 
7 143.0 0 .1453 140.9 0 .03732 0.02279 0 .9794 12.40 
8 81 .55 0.2326 SO. 37 0 .05222 0.03996 1.0496 17.35 
9 44 .32 0 .4190 
10 19.15 0 .9416 
125 P Perforated Nickel 
Reynolds Friction Reynolds Conduction 
Run Number Factor Number Parameter Maximum 
No. Nr / Nr j Xc Slope A't,, 
1 855 .0 0.02993 842 .7 0 .00660 0.00514 0 .5520 2 .47 
2 691 .0 0.03538 681 .0 0.00833 0.00634 0 .5845 3 .12 
3 546 .9 0 .04075 539 .1 0.01009 0.0079S 0 .6215 3 . 7 8 
4 425 .9 0 .04503 419. S 0 .01135 0.01026 0 .6528 4 . 2 5 
5 324 .8 0.05326 320.1 0.01399 0.01345 0.7063 5 .24 
6 212 .1 0.07662 209.1 0.02419 0.02059 0.8735 9 . 0 6 
7 128.9 0.1176 127.0 0 .03124 0.03390 0.9459 11.70 
S 74 .76 0.1827 
9 40 .83 0.3277 
10 17.58 0 .6434 
50 G Perforated Nickel 
Reynolds Friction Reynolds Conduction 
Run Number Factor Number NatAW/> Parameter Maximum 
No. N R / Nr j Xt Slope Ntu 
1 1346.5 0.04157 1327.1 0.01286 0.00196 0.5737 2 .95 
2 1093.5 0 .04656 1077.S 0.01613 0.00241 0.6160 3 . 7 0 
3 873 .0 0 .05366 860 .4 0.02049 0.00302 0 .6742 4 . 7 0 
4 669 .9 0 .05654 660.3 0.02167 0.00393 0.6887 4 .97 
5 512 .4 0.06639 505.1 0 .02315 0.00511 0 .7062 5 .31 
6 337 .1 0.09211 332 .3 0.03575 0.00777 0.8429 8 . 2 0 
7 205 .5 0.12593 202 .6 0 .05275 0.01274 0 .9884 12.10 
8 118.6 0 .2109 116.9 0.06932 0.02207 1.0699 15.9 
9 64 .52 0.3709 
10 27 .63 Q.S096 
160/40 TV Perforated Nickel F 'in with Solid Nickel Splitters 
Reynolds Friction Reynolds Conduction 
Run Number Factor Number jVstA'PrV, Parameter Maximum 
No. NR / N R j Xt Slope A tu 
1 777 .1 0 .02908 765 .9 0 .00695 0.00451 0 .5696 2 .87 
2 638.2 0.03313 629 .0 0 .00874 0.00549 0.6111 3 .61 
3 503 .2 0.04111 496 .0 0.01125 0.00696 0.6711 4 .65 
4 391 .6 0.04730 386 .0 0.01307 0.00895 0 .7120 5 .40 
5 296 .2 0 .06052 292 .0 0.01561 0.01179 0 .7678 6 .45 
6 195.5 0 .08737 192.7 0.02311 0.01787 0 .8893 9 .55 
7 119.5 0.12713 11S.0 0 .03412 0.02920 1.0085 14.1 
8 68 .42 0 .2082 
9 37 .26 0 .3580 
10 16 .14 0 .7802 
Solid Nickel 
Reynolds Friction Reynolds Conduction 
Run Number Factor Number AWVrrV. Parameter Maximum 
No. Nr / Nr j X/: Slope A'tu 
1 740 .4 0 .02836 729 .8 0 .00667 0 .00995 0.5737 2 .85 
2 609 .0 0.033S9 600 .2 0.00737 0.01209 0.589S 3 .15 
3 481 .8 0.04027 474 .8 0 .00842 0.01527 0.6161 3 . 6 0 
4 373 .9 0.04731 368 .6 0.01093 0.01969 0 .6770 4 .67 
5 286 .8 0.05896 282 .7 0.01278 0.02567 0.7229 5 .46 
0 187.1 0.08669 184.5 0.01825 0.03934 0.8223 7 . 8 0 
7 115.4 0.12779 113.S 0.02258 0.06376 0 .8652 9 .65 
8 65 .08 0 .2128 
9 35 .72 0 .3724 
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M O D I F I E D R E C T A N G U L A R P A S S A G E 
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Fig. I I Heat transfer and flow friction characteristics of the modified 
rectangular passage matrix fabricated of 1 6 0 / 4 0 TV perforated nickel 
. 0 0 5 
.001 1 1 
1 0 5 0 1 0 0 5 0 0 1 0 0 0 
N R 
Fig. 13 Summary of heat transfer and flow friction characteristics of 
modified rectangular passage matrices 
® 1 6 0 / 4 0 T V F I N S 
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N R 
Fig. 14 Summary of heat transfer and flow friction characteristics of 
modified rectangular passage matrices 
.001 1 
10 5 0 1 0 0 5 0 0 1 0 0 0 
N R 
Fig. 12 Summary of heat transfer and flow friction characteristics of 
modified rectangular passage matrices 
Q 1 6 0 / 4 0 T V 
© I 6 0 / 4 0 0 
( D S O L I D 
transfer and flow friction data for each matrix ai'e given in Table 
4. A typical graphical presentation is given in Fig. 11, showing 
the experimental data points, using the Colburn j-modulus, 
Fanning friction factor / , and Reynolds number. In evaluating 
the Reynolds number, the hydraulic diameter was used. The 
effects of entrance, exit, and flow acceleration have been con-
sidered in the evaluation of / . (See Appendix). 
A summary of the heat transfer and flow friction character-
istics is presented in Figs. 12, 13, and 14. An indication of the 
required matrix flow frontal area for a given pressure drop is given 
by the ratio of j/f and is presented in Figs. 15 and 16. The heat 
transfer power versus flow friction power on a unit area basis, 
evaluated for fluid properties at standard conditions of dry air at 
500 deg F and 1 at.m, are presented in Figs. 17 and 18. 
It is apparent from the results that an improvement in per-
formance is obtained by the use of perforated plate. The heat 
transfer characteristics are improved without a corresponding in-
crease in fluid friction. Apparently, the perforations disturb the 
thermal boundary laj'er to a much greater degree than the hy-
drodvnamic boundary layer. 
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Fig. 16 Flow area factors for the modified rectangular passage matrices 
Conclusions 
The single-blow maximum slope transient testing technique has 
been described. The advantages of this relatively simple ex-
perimental technique yield heat transfer and fluid friction results 
with relatively low uncertainties. 
Data for several plate-fin type heat transfer matrices fabri-
cated of perforated nickel indicate that the perforations increase 
heat transfer performance without a large frictional power 
penalty. 
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Fig. 15 Flow area Factors for the modified rectangular passage matrices 
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Fig. 17 Heat transfer power as a function of flow friction power per unit 
area for the modified rectangular passage matrices 
3 0 0 
S T D 
Fig. 18 Heat transfer power as a function of flow friction power per unit 
area for the modified rectangular passage matrices 
The definitions of these terms are: 
matrix flow void volume 
V matrix volume 




,, 4 X free flow area X flow length ACL 
d h = r~r~i—c = 4 —— 
A I 
0 = 
total surface area 
heat transfer surface area 
frontal area X flow length 
total surface area 
frontal area X flow length 
AfrL 
A/rL 
Note that/3 = /3 for nonperforated material since A will equal 
A,. 
Reynolds Number 
Reynolds number is defined as: 
Nr = 
GD„ 
where G is the mass flow velocity based on the free flow area, A c. 
A P P E N D I X 
The following is a summary of some of the data reduction rela-
tions which were used. 
Geometry 
The geometrical factors of interest are the porosity, y, the hy-
draulic diameter, DH, and the area compactness, /3. Deter-
4 P 








Fanning Friction Factor 
The pressure drop across the matrix is given by the following 
relation [7]: 
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G2 [ 1 ( 1 1 ) AP = - (K, + 1 - p2) - + 2 - - -
2(1, PI P2 PI 
L 1 1 ] + f - .- - (1 - p2 - K.) -
Tn Pm P2 
where the subscript 1 is for upstream, 2 is for downstrenm, and m 
for the arithmetic mean of 1 and 2; K, is t he entrance coefficient 
and K. the exit coefficient, and both are dependent on porosity, 
shape of the Bow cross section, and the mntri.x Reynolds number. 
Values of K , and K. are obtnined from Figs. 5-3, -4, -5 of ref-
erence [7]. 
Since the testing was done at near ambient condit ions, "the per-
fect gas equntion may be introduced together with the npproxi-
mation that 
Solving for the Fann ing fr ictiou fnct-or 
[ 
AP AP ] I'H f = 2g,p", G2 - (K, + K.) - P ( 1 + p2 ) L 
'" 
Colburn i-Factor 
Colburn j-factor is defined as: 
Substituting for G and introducing Nt" yields: 
j .ri,"/ "/ 1 P .1I,' t - N p • , = Nt Np • ,- -= "..1. ' "'L{3 
Heat Transfer Power and Flow Friction Power 
The hent transfer power per unit nren per deg tempern.ture dif-
ference is given by 
Wit l! the properties evalunted at stnndurd conditions of dry ail' 
at 500 deg F and 1 utm: 
where 
1 
IIsTD = 0.02195 - ( \'nj) Btu/hI' q ft deg F Du 
Cp 0.2477 Btu/Ibm deg F 
J.I. 0.0678 Ibm/ hr ft 
p 0.0413 Ibm/cu ft 
Np , 0.671 
The flo\\" friction power per unit area is 
Evaluated nt staudard couditions (p. and p values given above), 
the Bow fric tion power per unit. aren nt standnrd cond itions is: 
38 / J AN U A R Y 1 9 6 7 
1 ( Na )3 ESTD = 1.11 X 10-7 - f - hp/ sq ft D H 3 1000 
For comparison purposes, the smface geometries were reduced 
to n common hydraulic diameter of D /l = 2 X 10-8 ft. 
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